Abstract --Electromagnetic (e.m.) 
Introduction

Fundamentals of the electromagnetic flowmeter
THE PRINCIPLE of blood flow sensors based upon electromagnetic induction in liquids (FARADAY, 1832) is illustrated in Fig. 1 . In this diagram an electrically conductive liquid (blood) flows through a magnetic field in which it generates an electromotive force (voltage) . Actually ions in the plasma moving through the magnetic field become displaced; the negative ions move in the direction opposite to that of the positive ions. An electromotive force (e.m.f.) is generated as a result of this 'ion splitting' 9 The voltage across the vessel can be assessed at the electrodes. The flow of a conducting liquid through a magnetic field induces a voltage, which in size is related to the flow. This relationship can be described by (BEVIR, 1970) U is the resulting voltage between two electrodes, W is the so-called weight vector, v is the local velocity, B is the magnetic induction and i is the current density which originates when unit current is passed through the electrodes. It should be noted that this current density is a device to incorporate the specific properties of the flowmeter. BEVlR (1970) actually existing currents. The volume z over which the integration must be performed is theoretically the whole liquid volume. It may, however, be restricted to the volume within the flowprobe together with the liquid volume in the parts of the connecting pipes extending three pipe diameters on either side from it (0"1% accuracy) (HEMP and WYATT, 1981) . The unit current densityj is essentially non-uniform, being very large in the neighbourhood of electrodes with small radii. In the case of flow through cylindrical tubes with an axisymmetric velocity distribution, however, the probe response with homogeneous magnetic flux densities will be ideal: the measured voltage between two diametrically opposed electrodes (in contact with the flowing liquid) varies linearly with the flow rate, independent of the actual velocity distribution. 
Practical blood flow sensors
In practical electromagnetic blood flow sensors the magnetic flux density cannot be made uniform since they must be small (Fig. 2) . Moreover, in practical flow sensors the magnetic field length cannot be infinite in the axial direction and (depending on lumen size) the signal electrodes are not point electrodes. Owing to these concessions the response to axisymmetric flows will no longer be ideal. The measured flow may therefore differ from the actual flow owing to the timedependent shape of the velocity profile as encountered in physiological conditions.
In practice the calibration of electromagnetic flowmeters using a non-uniform magnetic field is frequently performed under steady laminar and steady turbulent flow conditions. In this way sensitivity can be measured for various Reynolds numbers (WYATT, 1977) . But electromagnetic flow sensors for biomedical applications are mostly used for measuring pulsatile flow, and hence continuously varying velocity profiles. A reference method for error measurements under pulsatile flow conditions must therefore be able to quantify the continuous spatial variations of the velocity profiles as a function of time. Recently, another method for determining the sensitivity has been proposed by BEVlR et al. (1981) . Using the known magnetic field, the sensitivity of a flowmeter with point electrodes with any axisymmetric velocity profile can be predicted. This method cannot be used with miniaturised flow sensors, however, as the magnetic field is difficult to determine accurately enough and the electrodes are essentially not point electrodes.
Laser-Doppler method as a reference
The unique feature of the laser-Doppler anemometer is its ability to measure quantitatively as well as instantaneously the local flow velocity within the lumen of the tube without distorting the velocity profile itself. From these measurements the continuously varying velocity profiles can be reconstructed. Integration of the velocity profiles by a 
Fundamentals of laser-Doppler anemometry
Consider the situation of two intersecting laser beams (monochromatic, coherent light) and a particle passing the volume of intersection with velocity v (Fig.  3) , The particle will scatter the light of beams 1 and 2 thus acting both as a moving observer and a moving source at the same moment.
Consider the light scattered in direction k. The shifted frequency by the Doppler-effect will be:
and
f'l and f~ being the frequencies of the scattered light from beams 1 and 2, respectively, where terms of order (Ivl)2/c 2 have been omitted, fo is the frequency of the original laser light. The interaction of the scattered light by the two beams will result in a detectable beat frequency:
0/2 being the half-angle between the two beams, v~ the velocity component perpendicular to the bisectrice of the intersection angle in the plane of the two beams and 2 the wave length of the laser light. Under the assumption that the particles have velocities equal to the fluid (which is reasonable because of the small size of the used dust particles), the velocity of the fluid at variou s points can be determined. In order to be able to detect negative velocities as well (the above mentioned method is direction insensitive) use can be made of a frequency preshift by means of a rotating diffraction grating to split the original laser beam in two first-order beams. The detected frequencies will then be:
. (6) where N is the number of grating-lines on the circumference of the disk and J; the rotating frequency (OLDENGARM and VAN KRIEKEN, 1973; DRAIN, 1980) .
lmperJections of the system
Because of the finite dimensions of the intersection volume (300/tm), the shape of the Gaussian profile of the beam intensity, the imperfections of the optical components and the finite measurement time per particle, the detector will exhibit a frequency band around the Doppler-frequency. To estimate the order of magnitude of this effect, the parabolic velocity profile of a stationary flow through a rigid tube (the same one as used in the experiments which follow) has been determined (by traversing the tube) together with the r.m.s.-value of the deviation from the mean frequencies. The area-mean of the resulting r.m.s.-profile proved to be +_20kHz, which represented a deviation of 1~o of a typical signal frequency. This value has been used later on as an estimate of the spectrum broadening.
Method 2.1 Experimental arrangement and data processing
In this section an outline of the measurement procedure is given with the help of a few schematic diagrams. First, attention will be given to the fluid circuit. In Fig. 4 vary the flow: the steady component as well as the frequency of the pulsations and the 'modulation depth' can be adjusted to the desired levels. Aside from the test section, the tubes are made of PVC, accounting for flow waveforms, which are rather distorted from the original pulse. This is a result of the lateral bending motions of the PVC tubes. The electromagnetic flow sensor with a lumen diameter of 4 mm (originally of the perivascular type) has been adapted to a cannulating sensor in order to fasten it in the test section. A block diagram of the signal processing is presented below in Fig. 5 . The scattered light was detected with a photomultiplier. The signal is then band-pass filtered by a Krohn-Hite (3202R) filter, to remove the pedestal and to cut off the high frequency noise components. A frequency tracker (TNO-1057) determines the Doppler frequency by a phase-locked loop circuit. A waveform eductor (PAR) averages the detected velocity waveform over 40 cycles (and, when connected, the flow rate waveform from the electromagnetic flowmeter). After analogue-to-digital converting (Newport digital volt meter) a paper tape puncher (Facit 4070) produces the input data for the computer (IBM 370/158), which reconstructs velocity profiles at 99 instants based on 11 points on the tube diameter and determines the corresponding flow rates. The resulting flow rate waveform is plotted together with the one obtained by the electromagnetic flowmeter. The estimated uncertainty intervals (VZ. 2.3) are also plotted in the same figures.
The electromagnetic flow measuring system
The electromagnetic flow measuring system (Transflow 601-system, manufacturer Skalar Medical, Delft, the Netherlands) consists of a sensor part and an electronic device with several functions (Fig. 6) .
The magnetic coil of the flow sensor is excited by a sinusoidal current of constant amplitude. After isolated preamplification (for patient safety) the electrode signal Uee is transmitted (opto coupled) to the bandpass amplifier. The input U of the full wave (FW) phase sensitive demodulator is the amplified and filtered electrode signal which varies in phase and amplitude. The reference signal U, is a square wave signal with automatic phase control. The FW-demodulator alters the a.c. input into a d.c. output signal. The component of the electrode signal U~e, which is proportional to the flow rate, is transformed into a full wave rectified output. After adequate low pass filtering the output signal, which is proportional to the flow rate, is obtained at the analogue outputs.
Laser-Doppler flow measurements
In this section an outline is given of the measurement procedure with the laser-Doppler setup. it is accompanied by some remarks about measurement errors.
As has been pointed out before, laser-Doppler measurements are essentially point measurements. To measure the instantaneous flow rate in a pulsatile flow a buffer is necessary. An analogue device (Wave-formeductor, PAR) has been used to determine the average (of 40 cycles) velocity waveform at 11 places on the tube diameter at 99 instants. This number of places was chosen such that their separation was equal to the length of the intersection region of the laser beams. By means of an analogue-to-digital converter, a papertape-punch and finally an IBM 370/158 computer, the velocity profiles were reconstructed. The flow at the 99 moments was calculated using an algorithm, based on the Newton-Simpson 6-points rule (IBM Scientific Subroutine Package). The truncation error is used as an estimate of the numerical inaccuracy. There are some other sources of errors, resulting from the laser-Doppler measurement. They can be divided in two groups: those resulting from the signal processing and those from the optical system. The first category consists mainly of the finite measurement time per particle passing the measurement volume and the noise introduced by the electronic equipment. The second group includes the effect of the finite dimensions of the measurement volume (length ~ 300~tm), .the accuracy of positioning the measurement volume at a desired radial position and the error in the intersection angle of the two beams (0 in (2/2) sin (0/2), the calibration factor). The latter was estimated directly with the measurement of 0 (1~o) and so was the positioning error by determining the resolution of the displacement meter (1~), while the others are difficult to measure in pulsating flows. To obtain an order of magnitude of the total error due to them a profile of the r.m.s, value of the measured frequency fluctuations was determined by traversing the tube diameter with a Poiseuille flow. The area mean was used then as an estimate of the resulting uncertainty of the flow rate (the area mean being 21 kHz, this results in 0.3 ml s-l). The total resulting error is presented in Section 3 in the figures presenting the flow rates.
Results
A review of the measurements is listed in Table 1 . The various types ofpulsatile flow are characterised by the frequency of pulsation, mean flow rate Q, maximum flow rate in the forward direction (Q/) ..... and maximum flow rate in the reversed direction (Qb)mox.
Mean flow rates were chosen over a wide range related to the lumen diameter of the e.m. flow sensor. Also in some measurements the forward-reverse ratio of the flow rate is excessive compared with physiological circumstances. Characteristic results for volume flow rates throughout a cycle are presented in Figs. 7a and 8a. These Figs. give phasic details of the flow rate as determined electromagnetically as well as the flow rate computed from the velocity distributions measured by the laser-Doppler technique. The corresponding velocity distributions as found from the laser-Doppler measurements are given in Figs. 7b and  8b . The results show a very close correspondence of the mean flow rates obtained by the two methods. The maximal differences in phasic flow rates between the two methods (Figs. 7a, 8a ) occur at times of flow reversal near the tube wall (as can be seen from Figs. 7b  and 8b ). Even the differences are hardly significant. Finally, it was found that variation of the pulsation frequency or a change of the mean flow rate has no significant effect on the differences.
Discussion
The maximal differences measured between the two methods occur at times of flow reversal in the neighbourhood of the wall. The tested flowmeter produces a magnetic field which is non-uniform in such a way that it apparently results in the axisymmetric weight function being relatively large near the wall. This results in an overweighting of fluid velocity in the neighbourhood of the wall. An additional error due to phase lag is caused by the electromagnetic flowmeter, which has a phase lag angle proportional to the frequency (at 100Hz: 180 degrees). This effect is significant in measurement 1 (relatively high fundamental frequency) and 5 (relatively large flow reversal). The experiments presented are part of an evaluation of the performance of miniaturised electromagnetic flow sensors. Only axisymmetric flows are considered and it should be noted that the occurrence of secondary flows (in bends for example) could provide an additional source of measurement errors.
The experimental conditions have to be compared with the physiological situation. In the experiments described saline has been used instead of blood, as transparency is required for laser-DolSpler measurements. It is quite complicated to estimate the effects of the rheological properties of blood, but there are some indications that the regions of flow reversal near the wall will be less pronounced than in the case of saline flow. In the authors' opinion the situation with blood flow will not be worse than with saline flow. Under the experimental conditions the electrodes of the e.m. sensor were in contact with the flowing liquid in contrast to the physiological situation, where the vessel wall lies in between. The region near the wall will then not contribute to the measured voltage (SHERCLIFF, 1962) therefore show a better response than in this experimental situation. Nevertheless one must keep in mind that differences in resistance between the vessel wall and blood may be of importance (EDGERTON, 1975) . Finally we conclude that this calibration method is a useful one, as it enables the correlation of spatial phenomena (non-uniformity of magnetic field and complexity of velocity profile) with inaccuracies of a flowmeter.
